Objective: Mechanical ventilation causes cyclic changes in the heart's preload and afterload, thereby influencing the circulation. However, our understanding of the exact physiology of this cardiopulmonary interaction is limited. We aimed to thoroughly determine airway pressure distribution, how this is influenced by tidal volume and chest compliance, and its interaction with the circulation in humans during mechanical ventilation. Design: Intervention study. Setting: ICU of a university hospital. Patients: Twenty mechanically ventilated patients following coronary artery bypass grafting surgery. Intervention: Patients were monitored during controlled mechanical ventilation at tidal volumes of 4, 6, 8, and 10 mL/kg with normal and decreased chest compliance (by elastic binding of the thorax). Measurements and Main Results: Central venous pressure, airway pressure, pericardial pressure, and pleural pressure; pulse pressure variations, systolic pressure variations, and stroke volume variations; and cardiac output were obtained during controlled mechanical ventilation at tidal volume of 4, 6, 8, and 10 mL/ kg with normal and decreased chest compliance. With increasing tidal volume (4, 6, 8, and 10 mL/kg), the change in intrathoracic pressures increased linearly with 0.9 ± 0.2, 0.5 ± 0.3, 0.3 ± 0.1, and 0.3 ± 0.1 mm Hg/mL/kg for airway pressure, pleural pressure, pericardial pressure, and central venous pressure, respectively. At 8 mL/kg, a decrease in chest compliance (from 0.12 ± 0.07 to 0.09 ± 0.03 L/cm H 2 O) resulted in an increase in change in airway pressure, change in pleural pressure, change in pericardial pressure, and change in central venous pressure of 1.1 ± 0.7, 1.1 ± 0.8, 0.7 ± 0.4, and 0.8 ± 0.4 mm Hg, respectively. Furthermore, increased tidal volume and decreased chest compliance decreased stroke volume and increased arterial pressure variations. Transmural pressure of the superior vena cava decreased during inspiration, whereas the transmural pressure of the right atrium did not change. Conclusions: Increased tidal volume and decreased chest wall compliance both increase the change in intrathoracic pressures and the value of the dynamic indices during mechanical ventilation. Additionally, the transmural pressure of the vena cava is decreased, whereas the transmural pressure of the right atrium is not changed. (Crit Care Med 2014; 42:1983 -1990 
I ntermittent positive airway pressure (Paw) during mechanical ventilation periodically increases intrathoracic pressure (ITP) and thereby influences the circulation. The temporary increase in airway, pleural, and pericardial pressures (Paw, Ppl, and Ppc, respectively) decrease output of the right heart and, after an initial increase, also decrease output of the left heart (1) . These ventilation-induced changes, quantified by pulse pressure variation (PPV), systolic pressure variation (SPV), and stroke volume variation (SVV), can be used to predict the response to intravascular fluid administration in mechanically ventilated patients (volume responsiveness) (2, 3) .
The principles of heart-lung interaction and clinical usefulness of the dynamic indices to predict fluid responsiveness have been described previously (4) (5) (6) (7) (8) (9) (10) . However, to our knowledge, there is no study in which the pressure distribution is meticulously described from airway to pericardium under different conditions and related to the characteristic changes in the www.ccmjournal.org September 2014 • Volume 42 • Number 9 circulation in humans. This might also partly explain the current limitation of the clinical usefulness of the dynamic indices to predict volume responsiveness in clinical practice (11) .
To improve our knowledge about the underlying physiology of heart-lung interaction, the primary aim of the present study was to show to what extent the Paw is distributed to the Ppl, Ppc, and central venous pressures (CVP) and how this distribution is influenced by changes in tidal volume (TV) and chest wall compliance. The secondary objective was to determine how this pressure distribution influences circulation by changing transmural pressures of the right atrium (PtmRA) (and thereby right cardiac pre-and afterload) and dynamic indices and how this is related to fluid responsiveness.
MATERIALS AND METHODS
With the approval of the institutional review board and following written informed consent, 20 patients were studied following elective coronary artery bypass grafting. Exclusion criteria were any cardiac arrhythmias, hemodynamic instability (a change in heart rate or blood pressure > 20%), recent myocardial infarction (< 2 mo), preoperative inotropic or intra-aortic balloon pump support, nonelective surgery, and concomitant pulmonary, endocrine, metabolic, or neurologic diseases. Prior to surgery, each patient received a central venous (internal jugular vein) catheter and an arterial (radial artery) catheter. During surgery, an air-filled 5F balloon catheter (12 × 20 mm Tyshak II, NuMed, Canada) was placed in the pleural space (juxtacardiac position) and another one in the pericardial space (at the lateral aspect of the right atrium) and a 5F thermistor-tipped arterial PiCCO catheter (Pulsion Medical Systems, Munich, Germany) was inserted into the femoral artery.
Monitoring
On arrival in the ICU, patients were mechanically ventilated (volume-controlled) with the Servo 300 (Macquet, Rasstat, Germany) and Paw and TV were monitored with a dedicated respiratory monitor (NICO, Philips respironics, Amsterdam, The Netherlands). Arterial blood pressure (ABP), CVP, and electrocardiogram were monitored using an HP monitor (Merlin M1046A, Hewlett Packard, CA). Cardiac output and stroke volume index (SVI) were monitored by a PiCCO monitoring system (PiCCO 2.0, Pulsion Medical Systems) through thermodilution and calibrated pulse contour analysis. The pericardial and pleural catheters were filled with 0.8 mL of air. This amount of air was determined during in vitro experiments prior to the study as the smallest amount of air (in order to minimize possible distortion of the pericardium) that creates a lumen inside the balloon that adjusts to peripheral pressure (positive or negative) and was much smaller than the balloon's unstressed volume of 7 mL. All variables were recorded on with a sample rate of 200 Hz. All pressures are expressed in mm Hg.
Transmural pressure (Ptm) of the superior vena cava (PtmSVC) was defined as CVP -Ppl, and Ptm of the right atrium (PtmRA) was calculated as CVP -Ppc. The PPV, SPV, and SVV were defined as the mean value of the relative difference in pulse pressure, systolic pressure, and stroke volume over one breath, averaged over a period of five breaths (11) .
Design
After hemodynamic stability was reached (heart rate or mean arterial pressure fluctuations < 10%) and calibration of the PiCCO, patients were ventilated with four increasing values of TV: 4, 6, 8, and 10 mL/kg ideal body weight (starting at 4 mL/ kg). This was repeated during decreased chest wall compliance, by placing an elastic band around the patients' thorax, aimed to decrease total respiratory system compliance with 25%. During these 3-minute periods, minute volume was kept constant by adjusting respiratory rate. The change of the Ptm variation over the different levels of TV was related to the value of the PPV (as a measure of fluid responsiveness).
Statistical Analysis
Differences in the effect of changes in TV and chest wall compliance were compared with repeated-measures two-way analysis of variance since data were normally distributed, including Bonferroni tests for subgroups. Paired Student t tests were used to compare the means of two groups. p values less than 0.05 were considered statistically significant. Data are presented as mean ± sd, and statistical analysis was performed using SPSS 19 for Mac (SPSS, Chicago, IL) and Prism 5 for Mac (Graphpad Software, La Jolla, CA). Table 1 . A representative example of the simultaneous recordings of ABP, SVI, Paw, Ppl, Ppc, and CVP is shown in Figure 1 . presents pressure-volume loops during consecutive breaths of Paw, Ppl, and Ppc with the four different TVs. With increasing TVs (and adjusted respiratory rates, resulting in a mean heart rate to respiratory rate of 3.9 ± 0.6 at 4 mL/kg), the change in ITPs increased significantly (p < 0.01) and linearly with 0.9 ± 0.2, 0.5 ± 0.3, 0.3 ± 0.1, and 0.3 ± 0.1 mm Hg/mL/kg for Paw, Ppl, Ppc, and CVP, respectively ( Fig. 3) . Elastic banding around the thorax significantly decreased chest wall compliance with 0.03 ± 0.01 L/cm H 2 O (23% ± 12%, from 0.12 to 0.09 L/cm H 2 O), increased end-expiratory Ppl, Ppc, and CVP (from 5.1 ± 1.7 mm Hg to 6.3 ± 1.2 mm Hg, 7.0 ± 2.3 mm Hg to 8.9 ± 2.1 mm Hg, and 10 ± 2.7 mm Hg to 11.6 ± 2.6 mm Hg, respectively, all p < 0.01), and decreased SVI (from 41.5 ± 5.9 to 39.5 ± 7.1 mL/m 2 , p < 0.01) at TV of 8 mL/ kg. At the different TVs, the decreased chest wall compliance resulted in a 13% ± 7%, 40% ± 21%, 35% ± 16%, and 26% ± 12% increase in change in airway pressure (dPaw), change in Ppl (dPpl), change in Ppc (dPpc), and change in CVP (dCVP), respectively (all p < 0.01) ( Fig. 3 ). At a TV of 8 mL/ kg, this meant an increase in dPaw, dPpl, dPpc, and dCVP of 1.1 ± 0.7 mm Hg, 1.1 ± 0.8 mm Hg, 0.7 ± 0.4 mm Hg, and 0.8 ± 0.4 mm Hg, respectively ( Table 2) .
RESULTS

Patient characteristics and baseline hemodynamic and ventilatory variables at ICU admission are presented in
The percentage of Paw that was transmitted to the juxtacardiac pleura, pericardium, and vena cava was 70% ± 27%, 37% ± 17%, and 43% ± 11%, respectively (Fig. 4A) . These percentages did not change significantly with different TVs. However, a small but significant (p < 0.01) larger proportion of Paw was transmitted when chest wall compliance was reduced (77% ± 21%, 39% ± 19%, and 46% ± 11%, respectively, for juxtacardiac pleura, pericardium, and vena cava). The different extent to which the Paw is transmitted to the Ppl, Ppc, and CVP resulted in a significant decrease in the PtmSVC (p < 0.01),
whereas PtmRA remained unchanged (p > 0.1) during positive pressure ventilation (Fig. 4B) .
The alternating ITPs and Ptms during mechanical ventilation also caused the SVI to change periodically. SVI significantly decreased with increasing TV (from 43 ± 6 mL/m 2 at 4 mL/kg to 39 ± 6 mL/m 2 at 10 mL/kg, p < 0.01) and was significantly lower with decreased chest wall compliance (mean difference of -2.5 ± 3.3 mL/m 2 over all TVs, p < 0.01). The cyclic changes in SVI during mechanical ventilation resulted in arterial pressure variations (PPV, SPV, and SVV) that were more pronounced at higher levels of TV and lower chest wall compliance ( Fig. 5) .
To determine whether the underlying mechanism of heart-lung interaction is related to volume status, the change of the Ptm variation over the different levels of TV was related to the value of the PPV. Although the PtmRA of the overall population was unchanged during mechanical ventilation, two distinct patterns became apparent. Although some patients consistently showed an increase, others showed a decrease in PtmRA ( Fig. 6) , which became more pronounced with increasing TVs. Figure 7 illustrates the quantification of this change in Ptm variation as a result of the increasing TV using the slope of the trend line. This slope was positive for patients in which the change in Ptm increased, suggesting that the influence of the afterload is becoming more pronounced with increasing TV.
DISCUSSION
The present study demonstrates to what extent positive pressure ventilation influences ITPs and thereby Ptms and dynamic cardiovascular indices and how this is influenced by different levels of TV and chest wall compliance in ventilated ICU patients. Our results show that the ratio of Paw that is distributed to the pleura (about two thirds) is almost double the percentage distributed to the pericardium and vena cava (about one third), TV in a clinically relevant range does not influence these percentages, and a lower chest wall compliance results in a larger portion of Paw that is transmitted to the Ppl, Ppc, and CVP. Our data also show that increased variations in ITPs also result in more pronounced variations in stroke volume and thereby higher values of the dynamic indices (PPV, SPV, and SVV). Additionally, we showed that the PtmSCV decreases during inspiration, whereas the PtmRA does not change. TV is more relevant than Paw as lung compliance influences the transmission of Paw to the other intrathoracic cavities (12, 13) . Our results confirm this finding in ventilated humans as TV almost linearly increases ITPs and dynamic indices. Besides the effect of lung compliance on the transmission of Paw, also chest wall compliance influences the effect of Paw on ITPs. In accordance, we show that in humans, reduced chest wall compliance increases Paw transmission.
Although previous studies described the influence on ventricular performance (5, 14) , and others focused on, for example, left ventricular filling pressures (6, 15) , our study simultaneously measured Paw, Ppl, Ppc, and CVP (and thereby ventilatory induced changes in rightsided Ptms). In contradiction to the general assumption that the increased ITP is transmitted to the right atrium and thereby decreases the pressure gradient for venous return (16) (17) (18) , we found no difference in PtmRA during incremental TVs. This result is in accordance with the observation that PtmRA does not change during increasing levels of positive end-expiratory pressure (7) and also shown in a prior study that found that the increase in right atrial pressure was fully explained by an increase in Ppc (19) . As the right atrial compliance is high, right atrial filling volume remains unchanged, which is also in line with the results of other studies (20, 21) . The mechanism of action may be two-fold. First, the associated increase in abdominal pressure during inspiration (partly) prevents the pressure gradient for venous return to decrease. However, while the PtmRA remains constant, the PtmSCV decreases during inspiration. This is caused by the different extent to which the Paw is transmitted to the Ppl and Ppc during each ventilatory cycle. Apparently, there is a decrease in venous return, but this effect is neutralized by the second mechanism, which is the increase in afterload. Since the increase of transpulmonary pressure increases right ventricular afterload during lung inflation (22) , this results in an increase in PtmRA. Indeed, we found that the effect of a reduced venous return on PtmRA is neutralized by a raised right ventricular afterload. This finding is in accordance with earlier published data that showed that an inspiratory hold first results in an increase in right ventricular output, followed by a decrease (23) .
A more detailed analysis of our data shows two distinct patterns within our patient population. Although some patients consistently showed an increase, others showed a decrease in PtmRA, which became more pronounced with increasing TVs. We hypothesize that this change of the Ptm variation is related to the patient's volume status and that in patients with lower 
Intrathoracic pressures
Mean airway pressure (mm Hg) 9.3 ± 1.9 10.1 ± 1.9 10.6 ± 2.0 10.9 ± 1.9 9.6 ± 1.9 10.3 ± 2.0 10.9 ± 1.9 11.3 ± 2.2
Mean pleural pressure (mm Hg) dynamic indices the Ptm variation of the right atrium increases with increasing TVs, suggesting a more pronounced role of the right ventricural afterload in nonpreload-dependent patients. However, no significant difference was found in the change of the Ptm variation of the right atrium between the patients with a high PPV compared with the patients with a low PPV.
Besides the described influences of mechanical ventilation on the right side of the heart, changes in ITPs also influence the pre-and afterload of the left ventricle. The increase in Ppl decreases left ventricular afterload by decreasing the pressure gradient between the left ventricle and the extrathoracic systemic circulation. Furthermore, the increase in transpulmonary pressure increases left ventricular preload (1) .
We also demonstrate the influence of TV on ITPs and dynamic indices. Since the suggested thresholds (12%, 7%, and 12% for PPV, SPV, and SVV, respectively) (3, 24) are based on TV greater than 8 mL/kg, while in clinical practice it is preferred to ventilate with smaller TVs, we advocate that these thresholds should be adjusted for the actual applied TV. Although this has been suggested earlier (25) , our study provides physiological and quantitative data for this correction in humans. Based on our results, published threshold values for the prediction of fluid responsiveness should be decreased with 19%, 18%, and 11% for PPV, SPV, and SVV, respectively, for each mL/kg TV when TV is lower (and increased when TV is higher) than 8 mL/kg. Furthermore, correction of the threshold for a change in chest wall compliance should be done with -23%, -18%, and -11% for each 10 mL/cm H 2 O change in chest wall compliance for PPV, SPV, and SVV, respectively. However, regarding the correction for chest wall compliance, it should be noted that in our study, elastic binding of the thorax increased end-expiratory ITPs. Since elastic binding also influenced SVI, this might also increase preload dependency of the patient.
Several limitations of our study need to be addressed. First, the signal-to-noise ratio of Ppc was relatively low because of both the relatively small changes in pressure and movements of the beating heart. To prevent potential distortion of the Ppc due to the balloon used to measure Ppc, we used air-filled balloons with the smallest amount of air that gave similar pressure in the balloon as the surrounding pressure during ex vivo measurements. This method and the presented results are comparable to the results of other animal and human studies (7, (26) (27) (28) (29) (30) , which confirms its reliability. Second, we used the PiCCO device to monitor cardiac output and SVI. The pulse contour analysis used in the PiCCO device was calibrated by transpulmonary thermodilution; however, errors in accuracy and precision may be considerable (31, 32) . Third, our patient population may not be similar to other ventilated ICU patients. Our patients underwent cardiac surgery including a mediastinotomy and pericardiotomy. Although the pericardium and thorax were closed before the start of the measurements, ventricular interdependence caused by pericardial volume restraint may have been minimized in our patients (33) . Furthermore, our patients had no pulmonary complications resulting in impaired lung compliance. Therefore, conclusions drawn from this homogeneous patient population to other ventilated ICU patients should be done with caution.
CONCLUSIONS
Increased TV and decreased chest wall compliance both increase the change in ITPs during mechanical ventilation and result in more pronounced variations in stroke volume and thereby higher values of the dynamic indices. We show that about two thirds of the Paw is transmitted to the pleura and one third to the pericardium and superior vena cava, resulting in a decrease of PtmSCV and an unchanged PtmRA. Figure 7 . Illustration of the quantification of the change of the transmural pressure variations as a result of increasing tidal volumes (TVs). The upper part shows the airway pressure (Paw) during the four different levels of TV. The middle and the lower parts illustrate the (change in) transmural pressure of two different patients during these levels of TV (of a patient with low and high dynamic indices, respectively). A positive slope (illustrated in the middle part which reflects the patients with low dynamic indices, being nonpreload-dependent) shows that the change of the transmural pressure of the right atrium increases (becomes more positive), indicating that the influence of the afterload is becoming more pronounced with increasing TVs. On the other hand, the patient with high dynamic indices (being preload-dependent) shows a negative slope, indicating that the preload is being decreased more than the afterload is being increased. Ptm_pc = transmural pressure of the pericard, PPV = pulse pressure variation.
